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Abstract 
Although the inhibitory effects of extracellular Mg 2÷ on Ca 2+ influx are well established, little is known about the effects of 
intracellular Mg 2÷ on Ca 2÷ handling. In the present study, the effects of cytosolic-free Mg 2÷ concentration i the physiological 
(submillimolar) range on Ca 2÷ handling were investigated after stimulation of rat vascular smooth muscle cells with arginine vasopressin. 
Cytosolic Mg 2+ was manipulated by culturing cells in medium containing different Mg 2+ concentrations. Peak cytosolic-free Ca 2+ 
concentration responses to arginine vasopressin (1 p, mol/1) were measured in the presence and absence of external Ca 2÷. The results 
suggest that an increase in cytosolic-free Mg 2÷ concentration increases both Ca z+ discharge from intracellular stores and Ca 2+ influx, 
whereas a decrease in intracellular Mg 2+ attenuates Ca 2÷ influx. 
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1. Introduction 
Magnesium deficiency is a risk factor for various 
cardiovascular diseases. Magnesium supplementation has a 
beneficial effect on the vascular disease processes [1]. 
Cytosolic Ca 2÷ is thought to be the main regulator of 
contraction in vascular smooth muscle cells (VSMCs). 
Vasoactive peptide agonists bind to specific receptors and 
exert their vasoconstrictive effects by inducing Ca 2+ mobi- 
lization from intracellular stores and Ca 2÷ influx from the 
extracellular space. The cytosolic-free Ca 2÷ concentration 
([ Ca2÷ ]i) subsequently returns to baseline by Ca 2÷ seques- 
tration into the sarcoplasmic reticulum (SR) and Ca 2÷ 
extrusion across the plasma membrane [2]. Because Mg 2÷ 
is a cofactor for Ca2÷-dependent adenosine 5'-tfiphos- 
phatase (Ca2÷-ATPase), it may play an important role in 
these various aspects of Ca 2÷ handling by VSMCs. 
Increased external Mg 2÷ concentrations induce arterial 
smooth muscle relaxation by decreasing [Ca2+]i without 
affecting the cytosolic-free Mg 2÷ concentration ([Mg 2+ ]i) 
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[3]. Indeed early experiments suggested that it is difficult 
to change [Mg2+]i by incubation in medium containing 
either high or low extracellular Mg 2+ concentrations [4]. 
Therefore, the effects of extracellular and intracellular 
Mg 2÷ on cellular Ca 2+ handling must be addressed sepa- 
rately. 
There is a general agreement concerning the effect of 
external Mg 2+ on Ca 2÷ handling. Increased extracellular 
Mg 2+ inhibits Ca 2+ influx in smooth muscle cells and 
platelets [5,6]. Mechanisms proposed for the decrease in 
[Ca2+]i induced by increased external Mg 2+ include dis- 
ruption of agonist-receptor interactions, alteration of mem- 
brane permeability, and blockage of Ca 2÷ channels [3]. 
The effects of internal Mg 2+ on Ca 2+ handling have 
been studied in cardiac myocytes. In these cells, intra- 
cellular Mg 2+ appears to inhibit the release of Ca 2+ from 
the SR [7], inhibit Ca 2÷ influx (at millimolar concentra- 
tions) [8,9], potentiate the uptake of Ca 2÷ into the SR 
[1,10]. However, as these various mechanisms have been 
studied separately and often at unphysiological, millimolar 
concentrations, little is known of the integrated effect of 
physiological changes in [Mg2+]i on Ca 2+ handling in 
VSMCs. Moreover, regulatory roles of [Ca2+] i [11] and 
Ca 2÷ concentration i  the SR [11,12] on Ca 2÷ handling 
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have been demonstrated, quantitative assessment of 
changes in Ca 2÷ handling is very important. 
We have now manipulated [Mg2+]i by incubating 
VSMCs in medium containing different Mg 2÷ concentra- 
tions and quantitatively assessed the effect of changes in 
[Mg2+] i within the physiological, submillimolar range on 
the arginine vasopressin (AVP)-induced Ca 2÷ response in 
VSMCs loaded with the fluorescent Ca 2÷ indicator fura-2. 
2. Materials and methods 
2.1. Materials 
Penicillin, streptomycin, L-glutamine, bovine serum al- 
bumin, trypsin-EDTA, newborn calf serum, Dulbecco's 
modified Eagle's medium (DMEM), and Hanks' balanced 
salt solution (HBSS) were obtained from GIBCO (Grand 
Island, NY, USA); collagenase (type I) was from Wor- 
thington (Freehold, NJ, USA); and thapsigargin was from 
LC Services (Woburn, MA, USA). Mag-fura-2-acetoxy- 
methyl ester (AM) and fura-2-AM were from Molecular 
Probes (Eugene, OR, USA); stock solutions (1 mmol/1) of 
these dyes were prepared in dimethylsulfoxide. All other 
chemicals were from Sigma (St. Louis, MO, USA). 
2.2. Cell culture 
Male Wistar rats aged 9-10 wk were obtained from 
Charles River Japan (Atsugi, Japan), and aortic VSMCs 
were isolated by collagenase digestion as previously de- 
scribed [13], with minor modifications. The descending 
thoracic aorta was removed aseptically from ether- 
anesthetized animals, carefully cleaned and opened longi- 
tudinally in 5 ml of HBSS [138 mmol/1 NaCI, 5 mmol/1 
KC1, 4 mmol/1 NaHCO3, 0.3 mmol/ l  KH2PO4, 0.3 
mmol/1 Na2HPO 4, and 5.6 mmol/1 D-glucose (pH 7.4)] 
supplemented with 0.2 mmol/ l  CaC12 and 10 mmol/1 
Hepes. The intimal layer was gently scraped with applica- 
tors to remove endothelial cells, and the aorta was then 
incubated at 37°C for 30 rain in HBSS containing 0.2 
mmol/l  CaC12, 10 mmol/1 Hepes, 1 mg/ml collagenase 
(type I, 194 U/mg), 0.125 mg/ml elastase (type III, 80 
U/mg), 0.5 mg/ml trypsin inhibitor, and 2 mg/ml bovine 
serum albumin. After removal of the adventitia, the aorta 
was minced and digested at 37°C for 2 h in 15 ml of the 
collagenase solution. The preparation was sieved through a
100-/xm mesh to separate the dispersed cells from undi- 
gested tissue fragments. After centrifugation at 200 × g for 
5 min, the VSMCs were resuspended in 10 ml of DMEM 
supplemented with 10% newborn calf serum, 2 mmol/1 
L-glutamine, 25 mmol/ l  Hepes (pH 7.4), 100 U/ml  peni- 
cillin, and 100 /zg/ml streptomycin, seeded into 100-mm 
culture dish, and cultured at 37°C in an atmosphere of 95% 
air and 5% CO 2. Culture medium was initially changed 
after 12 h and then every other day. Cells were harvested 
for passaging at confluence with a trypsin-EDTA (0.05% 
trypsin and 0.02% EDTA) solution every week, and were 
used for experiments after three to six passages. The cells 
were identified as VSMCs by their typical 'hill-and-valley' 
pattern at confluence and by immunocytochemical analysis 
with antibodies pecific for smooth muscle 0-actin. 
2.3. Manipulation of lMg 2 + ]i 
Cells grown on 9- by 45-mm thin glass coverslips 
(Matsunami Kogyo, Osaka, Japan) were used for measure- 
ments of [Mg2+] i and [Ca2+]i . Cells were seeded onto the 
coverslips in a 100-mm Petri dish and grown in DMEM 
supplemented with 10% newborn calf serum plus peni- 
cillin-streptomycin. To induce cell quiescence and manipu- 
late [Mg2+] i, we replaced the culture medium at conflu- 
ence with a 1:9 (v/v)  formulation of DMEM: HBSS 
supplemented with 0.5% calf serum, antibiotics, 0.1 
mmol/1 CaC12, and various concentrations of MgSO 4 
(nominally zero, 1 and 5 mmol/1). Cells were incubated 
under these conditions for 24 h prior to experiments. 
2.4. Measurement of [Mg 2 + ]i 
The [Mg2+]i was measured with the Mg2+-sensitive 
fluorescent dye mag-fura-2. Coverslips were washed twice 
with a physiological salt solution (PSS) containing 145 
mmol/1 NaC1, 5 mmol/1 KCI, 5 retool/1 glucose, and 10 
mmol/1 Hepes (pH 7.4), supplemented with 0.1 mmol/1 
CaC12 and 1 mmol/ l  MgSO 4. The cells were then incu- 
bated for 60 min at 37°C in PSS containing 5 /xmol/l 
mag-fura-2-AM, 0.I mmol/l  CaCl 2 , and the same concen- 
tration of MgSO 4 used for the manipulation of [Mg2+] i.
The coverslips were rinsed twice with the same medium 
without mag-fura-2-AM to remove extracellular dye, and 
maintained in the dark at room temperature until use. 
Immediately before experiments, the coverslips were in- 
serted into a quartz cuvette containing slightly modified 
PSS in a dual excitation wavelength spectrofluorometer 
(SPEX Fluorolog; SPEX Industries, Edison, NJ, USA) 
equipped with a thermostatically controlled chamber at 
37°C and a stirrer. Fluorescent measurements were all 
performed in PSS in the presence of 1 mmol/1 MgSO 4 
and 1 mmol/1 CaCI 2. Excitation wavelengths were set at 
340 and 380 nm, and the emission wavelength at 510 nm. 
Data were collected with dM3000 software (SPEX Indus- 
tries). Integration time was 0.3 s at each wavelength, and 
the time increment was 0.5 s. The [Mg 2+ ]i was estimated 
by the ratio method as previously described [14]. At the 
end of each experiment, the cells were permeabilized with 
50 /~mol/l digitonin, and intracellular mag-fura-2 was 
calibrated after addition of 50 mmol/1 MgSO 4 for the 
maximum fluorescence ratio (Rma x) and 50 mmol/ l  EDTA 
plus 20 mmol/1 Tris (hydroxymethyl) aminomethane (pH 
8.5) for the minimum (Rmi n) [15]. Autofluorescence from 
unloaded cells, test agents, and medium was subtracted 
from measured values. 
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2.5. Measurement o f [Ca 2 + ]i 600 - 
Changes in [Ca 2+ ]i were monitored with the fluorescent 
Ca 2+ indicator fura-2. The procedure for measurement of 
[Ca2+] i was similar that for [Mg2+] i with the following 
exceptions. VSMCs on coverslips were loaded with 3 
/zmol/l fura-2-AM in the above medium for 60 rain at 
37°C, rinsed twice as above, and kept until use. [Ca2+] i 
measurements were all performed in PSS in the presence 
of 1 mmol/1 MgSO 4 and 1 mmol/ l  CaC12 (1 retool/1 
Ca2+-containing PSS) or in PSS containing 1 mmol/1 
MgSO 4 and 1 mmol/1 EGTA (Ca2+-free PSS). For experi- 
ments with Ca2+-free PSS, EGTA was added just before 
insertion of the coverslip. Fluorescence was monitored at 
510 nm, with excitation wavelengths of 340 and 380 nm 
until a stable basal value was obtained. Cells were then 
exposed to the test agent and signals were recorded. Each 
coverslip was exposed to only one agent and repetitive 
determinations were not made. The [Ca2+] i was deter- 
mined as previously described [16]. At the end of each 
experiment, the cells were permeabilized with 50 /xmol/l 
digitonin in PSS containing 1 mmol/ l  Ca 2÷ to obtain 
Rma x ; subsequent incubation in 5 mmol/ l  EGTA at pH 8.3 
allowed determination of Rroi, [17]. Five to eight cover- 
slips were studied for each experiment. 
2.6. Monitoring of  Mn 2 + entry 
Mn 2+ was used as a Ca 2+ surrogate to characterize 
Ca 2+ influx (18). Cells were excited at the isosbestic 
wavelength (360 nm) and emission was monitored at 510 
nm in nominally Ca2+-free PSS without addition of EGTA. 
When the basal value was obtained, 1mmol/1 MnC12 was 
added to the solution, and the quenching of the fura-2 
signal was measured. The rate of fluorescence quenching 
was taken as Ca 2+ influx in the basal state. AVP (1 
/xmol/1) was added and the maximal rate of quenching 
was determined. The time course of the fluorescence emis- 
sion after excitation at 360 nm was normalized by setting 
at 1 (arbitrary fluorescence units) the emission at the time 
AVP was introduced. 
2.7. Statistical analysis 
Data are expressed as mean -1- SEM. The different study 
groups were compared with the Mann-Whitney U test. 
Comparisons of paired groups were performed with the 
Wilcoxon matched-pairs signed rank test. A P value of 
< 0.05 was considered statistically significant. 
3. Results 
To manipulate VSMC [Mg 2+ ]i in a preliminary study, 
we incubated cells for 24 h in DMEM" HBSS (1:9, v /v )  
supplemented with 0.5% calf serum, antibiotics, in the 
500- 
E 400- 
~'- 300- 
f 
200- 
100- 
0- 
0 1 5 
External Mg 2+ (mmol/L) 
Fig. 1. Dose-dependent effect of extracellular Mg 2+ concentration on 
cytosolic-free Mg z+ concentration ([Mg 2+ ]i) in rat vascular smooth 
muscle cells. Cells were incubated with 0, 1, or 5 mmol/1 MgSO 4 in the 
presence of 0.1 mmol / l  CaC12 for 24 h, after which [Mg 2+ ]i was 
measured in the medium containing 1 mmol/1 CaC12. Values are mean + 
SEM (n = 6). * P < 0.05 vs. 1 mmol/1MgSO 4. t P < 0.01 vs. 0 mmol / l  
MgSO,. 
presence of 1 mmol/1 CaC12, and either nominally zero, 1, 
or 5 mmol/1 MgSO 4. However, in the presence of l 
mmol/1 Ca 2+, basal [Mg2+]i was not sufficiently altered 
by changing the external Mg 2+ concentration (data not 
shown). By reducing the CaCl  2 concentration i  the 
medium to 0.1 mmol/1, however, we were able to manipu- 
late [Mg2+] i by changing the external Mg 2+ concentra- 
tion, presumably because xternal Ca 2+ inhibits membrane 
permeability to Mg 2+ (19). VSMCs incubated with nomi- 
nally zero, 1, or 5 mmol/1 MgSO 4 for 24 h remained 
viable (> 95% of the cells excluded trypan blue) for the 
subsequent experiments. We also compared the peak value 
of [Ca2+]i in response to 1 /zmol/1 AVP in 1 mmol/1 
CaE+-containing PSS between cells preincubated with 0.1 
mmol /1  CaC12 and 1 mmol/ l  MgSO 4 and those preincu- 
bated with 1 mmol/1 CaC12 and 1 mmol/1 MgSO 4. The 
AVP- induced  [Ca2+]i transients were similar in the two 
groups of cells (358 ± 39 vs. 382 ± 35 nmol/l, respec- 
tively; n = 4). Thus, reducing the external Ca 2+ concentra- 
tion to 0.1 mmol/ l  in preincubation did not appear to 
influence cellular viability or Ca 2+ handling. Fig. 1 shows 
the concentration-dependent effects of extracellular Mg 2+ 
concentration on [Mg2+] i in 1 mmol/1 Ca2+-containing 
PSS. During the fluorescent recording, the extracellular 
Ca 2+ (Ca2+-free, 0.1 or 1 mmol/l) did not affect [Mg2+]i 
(data not shown). The [Mg2+]i preincubated with 1 
mmol/ l  Mg 2+ (standard [Mg2+]i) averaged 302+38 
/xmol/l, which is similar to values reported previously 
[15,20]. The [Mg 2+ ]i preincubated with 5 mmol/1 Mg 2+ 
(high [Mg2+]i) increased to 520 ± 78 /xmol/1, and that 
preincubated with nominally zero Mg 2÷ (low [Mg2+]i) 
decreased to 165 ± 20 /xmol/1. Thus, external Mg 2+ in 
the preincubation medium increased [Mg 2+ ]i in a dose-de- 
pendent manner. The [Mg2+] i values observed in these 
experiments were within the physiological range [4]. AVP 
(1 /zmol/1) had no significant effect on [Mg2+]i in 1 
mmol/1 Ca2+-containing PSS (data not shown). 
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Fig. 2. Typical recordings of the effect of arginine vasopressin (AVP) (1 
/zmol/1) in the presence of 1 mmol/1 Ca 2+ on the rate of fura-2 
fluorescence mitted after excitation at 340 and 380 nm under three 
different cytosolic-free Mg 2+ concentrations. AVP was added at the time 
indicated by the arrow. ©, indicates tandard [Mg 2+ ]i; [3, low [Mg 2+ ]i; 
and O, high [Mg 2+ ]i. 
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Fig. 3. Effect of cytosolic-free Mg 2 + concentration ([Mg2 + ]i) on changes 
in cytosolic-free Ca 2+ concentration ([Ca 2+ ]i) induced by stimulation 
with arginine vasopressin (1 /zmol/1) in Ca2+-containing solution. Maxi- 
mal stimulated [Ca 2+ ]i was assigned to time 0. O, indicates tandard 
[Mg 2+ ]i; t-l, low [Mg 2+ ]i; and O, high [Mg 2+ ]i. Values are means+ 
SEM from five to eight experiments. * P < 0.05 vs. standard [Mg 2+ ]i. 
P < 0.05 vs. low [Mg 2+ ]i. 
The resting [Ca 2÷ ]i in confluent fura-2-1oaded VSMCs 
in 1 mmol/1 Ca2+-containing PSS was 110 ___ 14 nmol/1. 
Typical records of the fura-2 fluorescence ratio (340/380 
nm) after stimulation of cells from a stable baseline with 
AVP (1 /xmol/1) in 1 mmol/1 CaZ+-containing PSS are 
shown in Fig. 2. The maximal response of [Ca 2÷ ]i to AVP 
was achieved within 5 s, and plateau levels were obtained 
within 120 s. To estimate the contribution of Ca 2÷ influx 
and Ca 2+ release from the SR to the AVP-induced Ca 2+ 
transient, we measured [Ca2+] i in both 1 mmol/1 Ca 2÷- 
containing and Ca2+-free PSS, The levels of [Mg2+] i 
manipulated by modification of external Mg 2+ were main- 
tained in both 1 mmol/1 CaZ+-containing and Ca2+-free 
PSS during the experiments (data not shown). There was 
no significant difference in the AVP response among cells 
from the third to the sixth passage. Mean [Ca2+]i re- 
sponses to AVP in 1 mmol/1 Ca2+-containing PSS are 
shown in Fig. 3. In the unstimulated condition, [Ca 2÷ ]i 
values were similar for cells with low, standard, or high 
[Mg2+]i . The peak value of [Ca2+] i at low [Mg2+] i was 
significantly smaller than that at standard [Mg 2+ ]i (227 ___ 
33 vs. 348 +23 nmol/1). At high [Mg2+] i, the peak 
[ Ca2÷ ]i was significantly higher (598 __+ 77 nmol/l) than 
that at standard [Mg2+] i.
Average values for [Ca 2÷ ]i responses to AVP in Ca 2÷- 
free PSS are shown in Fig. 4. The absence of extracellular 
Ca 2+ ensured that any Ca 2+ transient observed was at- 
tributable to release of Ca 2÷ from the SR. Basal [Ca2+] i 
was not affected by the removal of extracellular Ca 2+. The 
AVP~induced peak [Ca 2+ ]i at high [Mg 2÷ ]i was 276 + 23 
nmol/l, significantly higher than that at standard (156 + 4 
nmol/l) or low (158 + 5 nmol/l) [Mg 2+ ]i. 
SR Ca2÷-ATPase activity and the status of intracellular 
Ca 2÷ stores were assessed with the use of thapsigargin, a 
selective SR Ca2+-ATPase inhibitor [21]. SR Ca 2+ pump 
activity can be evaluated from the increase in [Ca2÷]i 
induced by thapsigargin i  the absence of external Ca 2+. 
One micromolar thapsigargin was sufficient o ensure the 
complete depletion of thapsigargin-sensitive Ca 2÷ stores 
[21], as was confirmed by repeated administration of the 
reagent. Typical recordings of the fura-2 fluorescence ratio 
(340/380 nm) after stimulation of cells from a stable 
baseline with thapsigargin (1 /zmol/1) in Ca2÷-free PSS 
are shown in Fig. 5 (A). The peak increase in [Ca 2÷ ]i after 
the addition of 1 /zmol/l thapsigargin was achieved within 
120 s. There was no significant difference in thapsigargin- 
evoked peak [Ca2+] i between standard and low [Mg2+] i 
(149 + 21 nmol/1 vs. 128 _ 39 nmol/l). However, the 
peak [Ca2+]i was significantly greater at high (226 __+ 21 
nmol/l) than at standard [Mg 2+ ]i (Fig. 5 (B)). 
Mn 2÷ was used as a surrogate for Ca 2÷ to measure 
influx via Ca 2÷ channels [18]. Fig. 6 shows typical fluo- 
rescence recordings at the isosbestic wavelength of fura-2 
(360 nm) after addition of 1 mmol/1 Mn 2÷ and the effect 
of 1 tzmol/1 AVP. Addition of Mn 2÷ led to a slow 
400- 
~. 300- 
"5 
100 
0 
Time (minutes) 
Fig. 4. Effect of cytosolic-free Mg 2+ concentration ([Mg 2+ ]i ) on changes 
in cytosolic-free Ca 2+ concentration ([Ca 2+ ]i) induced by stimulation 
with arginine vasopressin (1 /zmol/1) in Ca2+-free solution. Maximal 
stimulated [Ca 2+ ]i was assigned to time 0. O, indicates the standard 
[Mg 2+ ]i; D, low [Mg 2+ ]i; and 0 ,  high [Mg 2+ ]i. Values are mean+ 
SEM from five to eight experiments. " P < 0.05 vs. standard [Mg z+ ]i. 
* P < 0.05 vs. low [Mg 2+ ]i. 
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Fig. 5. Effect of cytosolic-free Mg 2+ concentration ([Mg 2+ ]i) on the 
peak cytosolic-free Ca 2÷ concentration ([Ca 2+ ]i) after the addition of 
thapsigargin (1 /zmol/l) in Ca2+-free solution. (A) Typical recordings of 
the [Ca 2÷ ]i response to thapsigargin under three different [Mg 2+ ]i. 
Thapsigargin was added at the time indicated by the arrow. (3, indicates 
standard [Mg 2+ ]i; V'I, lOW [Mg 2~ ]i; and Q, high [Mg 2+ ]i. (B) Sum- 
mary of effects of thapsigargin on [Ca 2+ ]i. Values are means+SEM 
(n = 6). * P < 0.05 vs. standard [Mg 2+ ]i. t p < 0.05 vs. low [Mg 2÷ ]i. 
progressive quenching of the signals, indicating Ca 2+ en- 
try in the unstimulated basal condition. Under unstimulated 
conditions, the rate of Mn2+-induced quenching was not 
significantly affected by [Mg 2+ ]i (Table 1). The maximal 
.~ 1.2 • 
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Fig. 6. Typical recordings of fura-2 fluorescence with excitation at the 
isosbestic wavelength (360 nm) showing the effect of arginine vaso- 
pressin (AVP) on Mn 2+ influx under three different cytosolic free Mg 2+ 
concentrations. At the indicated limes, 1 mmol / l  Mn 2+ and 1 /xmol/ l  
AVP were added. O, indicates tandard [Mg 2+ ]i; ra, low [Mg 2+ ]i; and 
, ,  high [Mg 2+ ]i" 
Table 1 
Effect of cytosolic-free Mg 2+ concentration ([Mg 2+ ]i) on arginine vaso- 
pressin (AVP)-induced Mn 2+ influx 
[Mg 2+ ]i Mn 2+ influx (10 -2 AU/min)  
Basal rate Peak rate after AVP addition 
low 10.1 5-2.5 25.8+5.8 *
standard 14.0:5:1.4 49.0 5- 2.3 
high 14.2 5-1.7 77.6 + 6.8 * t 
AU, arbitrary units. Data are means + SEM for five coverslips in each 
group. * P < 0.05 vs. standard [Mg 2+ ]i. t p < 0.01 vs. low [Mg 2+ ]i- 
rate of Mn z+ influx after application of 1 /zmol/1 AVP 
was significantly increased at high [Mg z+ ]i and decreased 
at low [Mg z+ ]i, relative to that at standard [Mg 2+ ]i (Table 
1). 
4. Discuss ion 
Increased extracellular Mg2 + induces relaxation of vas- 
cular smooth muscle [3]. In vivo studies have also shown 
that magnesium supplementation reduces vascular tonus 
and that magnesium deficiency has the opposite effects 
[1,10]. The principal mechanism of this action of external 
Mg 2+ is its inhibitory effect on Ca 2+ influx [5,6]. On the 
other hand, the effect of intracellular Mg 2+ on Ca 2+ 
handling is not unanimous. In cardiac myocytes, increased 
intracellular Mg 2+ inhibits both Ca 2+ influx [8,9] and 
Ca 2+ release from the SR [7]. However, most studies of 
the effects of internal Mg2+ on Ca 2 + handling have been 
performed with the patch clamp technique or with reconsti- 
tuted vesicles. With these procedures, it is difficult to 
preserve the physiological environment in the intracellular 
space completely. Moreover, although these methods are 
very useful for investigations of membrane properties, they 
are not appropriate for studying the interactions of cellular 
signaling systems. Because the mechanisms linking with 
Ca 2+ mobilization do not operate in isolation, but rather 
interact with each other, cross-talk of these mechanisms 
must be taken into account [11,22]. Then effects of Mg 2+ 
in the cells on Ca 2+ handling should therefore be studied 
in intact smooth muscle cells. 
To modify [Mg2+]i, we incubated VSMCs in medium 
containing different Mg 2+ concentrations. It has previ- 
ously been shown to be difficult to modify [Mg2+] i by 
manipulating the extracellular Mg 2+ concentration be- 
cause of the extremely low permeability of the cell mem- 
brane to Mg 2+ [19,23]. In the present study, incubation of 
VSMCs in medium containing 1 mmol/1 Ca 2+ and exter- 
nal Mg 2+ nominally zero to 5 mmol/ l  for 24 h had no 
effect on [Mg2+] i. The removal of Ca 2+ from the external 
solution is necessary to allow modification of [Mg 2+ ]i by 
external Mg z÷ in the tenia of guinea pig cecum, because 
external Ca 2+ effectively inhibits membrane permeability 
to Mg 2+ [19]. When we reduced the external Ca 2+ con- 
centration in the culture medium to 0.1 mmol/l, varying 
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external Mg 2+ induced changes in [Mg2+]i within the 
physiological range (10 -4 mol/ l  level) without affecting 
[ Ca2 + ]i. 
The AVP-induced increase in [Ca2+] i represents the 
integration of effect on Ca 2+ influx and Ca 2+ release from 
the SR. Two mechanisms of Ca 2+ release from intra- 
cellular stores have been identified: Ca2+-induced Ca 2+ 
release (CICR) [24] and inositol 1,4,5-trisphosphate (IP3)- 
induced Ca 2+ release (IICR) [25]. Because evidence of 
CICR operating under physiological conditions is lacking 
for VSMCs [22], IICR appears to be the main mechanism 
for Ca 2+ release in these cells. The sensitivity of IICR is 
determined by IP 3 receptor heterogeneity [11] and the 
presence of modulators uch as protein kinase A, ATP, 
Ca 2÷, and Mg 2÷ [26,27]. Mg 2+ has an inhibitory effect on 
IICR in canine cerebellar membranes [28]. Receptor ago- 
nists increase the intracellular concentration of IP 3 by 
stimulating the hydrolysis of phosphatidylinositol 4,5-bis- 
phosphate, a reaction that also is inhibited by Mg 2÷ [29]. 
These observations were apparently inconsistent with our 
data showing that increasing [Mg2+] i significantly en- 
hanced the peak Ca 2 ÷ response to AVP in the absence of 
external Ca 2+. 
However, an enhanced uptake of Ca 2÷ into the SR in 
response to increased [Mg2+]i may augment he resting 
Ca 2÷ content of AVP-releasable Ca 2+ stores. Such an 
augmentation may explain the increased Ca 2÷ release at 
high [Mg2+]i in the present study. Because Mg 2+ in the 
cytosol is required for Ca2+-ATPase activity [1,10], the 
increase in the thapsigargin-induced [Ca2+ ]i peak response 
in cells with high [ ig  2+ ]i likely reflects increased Ca 2+- 
ATPase activity. An increase in the Ca 2+ content of the 
stores has also been shown to increase their sensitivity to 
IP 3 (loading-dependence of IICR) [30]; this mechanism 
may therefore also contribute to the enhanced peak [Ca 2+ ]i 
response to AVP at high [Mg2+] i in the absence of 
external Ca 2+. There was no significant difference in the 
[ Ca2+ ]i response to AVP in the absence of extracellular 
Ca 2+ between standard and low [Mg2+]i, possibly reflect- 
ing a threshold for the facilitation of Ca 2+ discharge from 
intracellular stores by internal Mg 2+. However, it is also 
possible that a small difference in Ca 2÷ discharge capacity 
between low and standard [Mg 2+ ]i was not detectable by 
the fluorescence method used in this study. 
AVP-induced Ca 2+ transients are mediated by trans- 
membrane Ca 2+ influx as well as by Ca 2+ release from 
the SR. Although receptor-operated Ca 2+ channels have 
not been fully characterized, they are known to be rela- 
tively nonselective [22]. Ca 2+ influx via these channels is 
therefore probably not significant. Instead, depolarization 
induced by Na t influx via the receptor-operated Ca 2+ 
channels may activate Ca 2+ influx via voltage-operated 
Ca 2÷ channels [22]. Moreover, an increase in [Ca2+]i 
activates Ca2+-gated K ÷ and CI- currents which can subse- 
quently affect the membrane potential and voltage-oper- 
ated Ca 2÷ channels [31]. Although intracellular Mg 2+ (at 
millimolar concentrations) inhibits Ca 2÷ influx in cardiac 
myocytes [8,9], the effect of internal Mg 2+ on Ca 2÷ influx 
has not been characterized in VSMCs. In the present study, 
by measuring Mn 2 ÷ quenching of intracellular fura-2 fluo- 
rescence to characterize Ca 2+ entry, we showed that Ca a+ 
influx increased in proportion to the increase in [Mg2+]i 
within the physiological range. Thus, the effect of [Mg 2÷ ]i 
on Ca 2+ influx may vary with myocyte type. Inward K ÷ 
rectification is inhibited when [Mg2+] i is decreased [32], 
resulting in decreased intracellular K ÷ and a shortening of 
the action potential. Consistent with these observations, 
Ca 2÷ influx via voltage-gated Ca 2÷ channels appeared to 
be decreased at low [Mg2+] i in the present study. 
Voltage-gated Ca 2÷ channel currents are increased by 
Mg2+-nucleotide complexes through a phosphorylation- 
independent mechanism [33]. Hence, the possibility also 
exists that the concentrations of Mg2+-nucleotide com- 
plexes was proportional to [Mg 2÷ ]i, resulting in increased 
Ca 2÷ influx at high [Mg2+] i.
The interaction between Ca 2÷ influx and Ca 2+ release 
from the SR must be taken into account [11,22]. Because 
the rapid AVP-induced increase in [Ca2+] i is mostly at- 
tributable to release of Ca 2÷ from the SR and the subse- 
quent [Ca 2+ ]i plateau is dependent on the entry of extra- 
cellular Ca z+ [2], Ca 2÷ influx may be influenced by Ca 2÷ 
release from the SR. Indeed, large increases in [Ca2+]i (to 
micromolar concentrations) inhibit Ca 2÷ influx, whereas 
smaller increases (to < 1 /xmol/l) enhance it [34]. The 
enhancement of Ca 2÷ influx by smaller increases in [Ca 2÷ ]i 
is mediated by the phosphorylation of Ca 2÷ channels. 
Hence, in the present study, the increase in [Ca 2÷ ]i (to 
values of < 1 /zmol/1) attributable to Ca 2÷ release from 
the SR at high [Mg2+]i may have potentiated Ca 2÷ influx. 
In conclusion, an increase in [Mg2+]i in the physio- 
logical range increased the peak [Ca 2÷ ]i response to AVP 
in VSMCs through increases in both Ca 2÷ discharge from 
intracellular stores and Ca 2÷ influx. Intracellular Mg 2+ 
depletion attenuated Ca 2+ influx, but had no significant 
effect on Ca 2+ discharge. These changes in Ca 2+ handling 
induced by modulation of [Mg2+] i in the submillimolar 
range may differ from those associated with higher 
[Mg 2 + ]i" 
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